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A c c e p t e d M a n u s c r i p t
Introduction
Chromium oxide is a reducible oxide with many different oxidation states from Cr 2+ being the most thermodynamically stable phase at low temperatures and pressures. 3 Chromium (III) oxide crystallises in a hexagonal crystal structure with experimental lattice vectors of a=b=4.96Å and c=13.599Å, cell angles of α=β=90
• and γ=120
• determined by xray diffraction, 4 and belongs to the ̅ space group. The Cr 3+ cations are coordinated to six oxygen anions in an octahedral geometry, while the oxygen anions have a tetrahedral geometry bonding to four Cr 3+ cations. Cr 2 O 3 is anti-ferromagnetic with a magnetic ground state structure of alternating '-+-+' Cr 3+ layers throughout the material, similar to magnetic phases of Hematite, 5, 6 and is a dielectric with a wide fundamental band gap (> 3eV) that is half way between a Mott-Insulator and charge transfer semi-conductor, 7, 8 since the valence band maximum (VBM) and conduction band minimum (CBM) are a mixture of Cr 3d and O 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 A c c e p t e d M a n u s c r i p t 3 2p state, characterised by electron-energy loss spectroscopy, 9 and x-ray photoemission spectroscopy. 10, 11 Cr 2 O 3 has been a very useful material for a wide range of applications and extensively studied in oxygenation catalysis, [12] [13] [14] [15] [16] hydrogen generation, [17] [18] [19] high temperature methanol synthesis, [20] [21] [22] as an anode material for Li-ion battery applications, 23, 24 in gas sensors, [25] [26] [27] solid oxide fuel cells, 28 protective coatings 29, 30 and adhesion promoters. 31 The fundamental properties of Cr 2 O 3 for these applications can be altered and potentially improved by substitutional doping of the lattice Cr sites with an aliovalent dopant species.
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Substitutional doping of the host cation site can alter the electronic structure and transport properties of the material, and promote different charge carrier mechanisms, such as lattice oxygen vacancy formation and mobility. This approach has been extensively used to improve the material properties of interest, for example photocatalytic activity of TiO 2 32-39 and enhancing the oxygen vacancy formation and storage capacity (OSC) of CeO 2 . [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] A dopant species that has a stable valance state in its parent oxide which is lower than its host oxide is termed a lower valence dopant, while a metal species that has a higher valence in its parent oxide is termed a higher valence dopant.
Doping has been used for Mg doping of Cr 2 O 3 to improve the mobility of holes to greatly enhance the p-type conductivity in the material for optoelectronic devices, [51] [52] [53] and has been extensively studied by both theory and experiment. [54] [55] [56] [57] [58] [59] Mg doping can enhance the conductivity of Cr 2 O 3 and co-doping with Mg/N has also shown promising p-type behavior. 55 However the growth conditions, namely Cr-rich/O-poor or Cr-poor/O-rich, of Cr 2 O 3 can play a key role in the appearance of p-type conductivity; Mg-Cr 2 O 3 is p-type under Cr-rich/O-poor conditions as the Mg dopant is not charge compensated. 57 Charge compensation in lower valence doping of Cr 2 O 3 occurs by spontaneous generation of oxygen vacancies that release electrons into the host by a reduction process, killing the holes. This is detrimental to p-type conductivity. However, consideration of charge compensating species is vital to correctly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 describe the ground state electronic structure. 24, 40, 41, [60] [61] [62] If the system is not charge compensated the material is not charge neutral which can lead to issues in calculating properties, such as over-binding of electron rich adsorbates.
The introduction of higher valence dopants (HVD) in bulk metal oxides is expected to provide additional electrons into the material for improved electron carrier concentrations and mobility; an example of this would be a metal cation with a 4+ oxidation state that substitutionally replaces a Cr 3+ cation on its lattice site. The classical, and generally accepted mechanism for this process is the creation of an effective positively charged site on the doped cation site, and the electron rich dopant can reduce neighbouring Cr 3+ cations to Cr 2+ ( ):
(Reduction process)
Where M is a HVD that has an oxidation state of +4, and is the metal substituting a Cr 3+ lattice site with an effective positive charge. The excess valence electron(s) from the HVD can then remain on the metal dopant lattice site or can reduce neighboring Cr cations from Cr 3+ to Cr 2+ by an electron hopping process (n-type conductivity), similar to the hole hopping mechanism (p-type conductivity) for LVDs in metal oxides.
As the system now has a positively charged dopant site ( ), a compensation process will charge balance the system by either formation of negatively charged defects such as Cr vacancies ( ) or oxygen interstitials ( in a similar manner to charge balancing hole formation in LVDs by oxygen vacancy formation ( . 40, 41, 62 The process of charge balancing for HVDs to so that overall charge neutral system is obtained takes place as follows:
(Oxygen Interstitial Formation) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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Where is an empty site in the bulk chromia lattice that can be occupied by an oxygen interstitial ( ). The Chromium vacancies compensate by creating hole states on local lattice oxygen species which are then filled by the extra electrons introduced into the system from the dopant species, while oxygen interstitials introduce holes into the system that can also be filled from the excess electrons. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t 7 neutral ground state for each doped structure is established, the formation energies for cation and anion vacancies is investigated. We show that for one metal dopant as an example of the incorrect electronic ground state, cation vacancy formation is promoted while supressing anion vacancies compared to the undoped structure; however once the correct charge neutral ground state is established by the defect structure [ ], then the vacancy mechanism is altered to favour the formation of anion over cation vacancies to facilitate electron injection into the lattice.
Methodology
All calculations were performed using density functional theory (DFT) with the generalised gradient approximation (GGA) 76 The optimisation of the Cr 2 O 3 bulk was carried out at a series of constant volume calculations between ±0.2% of the experimental lattice constant were the atom positions, cell vectors, and angles were allowed to relax. These were tested at different plane wave cut-off energies and k-point sampling grids as described previously. 64 The structures were deemed converged when the forces on all ions were below 0.02 eV/Å 3 and the electronic convergence was 1x10 -8 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 11 while V has the highest formation energy and Zr doping has the lowest formation energy. Table S1 ).
The computed Bader charges for the dopants are 9.8 e -(x2) and 9.7 e -for Ce, 9.9 e -(x3) for The calculated PEDOS plots for three metal dopants in doped Cr 2 O 3 are shown in Figure 2 .
The presence of Ce, Ti and V occupied defect peaks in the valence to conduction band region 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 15 
Charge Compensation via Chromium Vacancy Formation
Charge compensating mechanisms are important in a wide range of applications such as SOFC, 92, 93 and understanding their mechanism is important. The difference in oxidation state A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Table 4 . From the calculated formation energies, we can see that while Ce, Ti and Zr The lowest energy positions for the most stable Cr vacancy are shown in Figure 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 21 Bader charges and spin magnetisation of 7.0 e -and 0.7 µB, respectively. These value are typical of localised oxygen holes from these DFT+U computations 35, 40, 41, 48, 64 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 22 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 23 could enhance the reducibility of Cr 2 O 3 . Ce shows the greatest enhancement in oxygen vacancy formation in doped Cr 2 O 3 , while V shows the smallest effect. These energies indicate that Ce is the higher valent dopant of choice to improve the reducibility of Cr 2 O 3 .
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We propose that this arises from the larger ionic radius of Ce 3+ that can distort the local geometry, as also discussed for alkali doped Cr 2 O 3 89 . The atomic structures for the most stable oxygen vacancy in each doped structure are shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 24 4.5 e -and spin magnetisations of 3.7 µB. These Cr 2+ cations have a four-coordinate square planar geometry, as shown in figure 7 . For Ce doping, a different reduction mechanism is observed as the oxygen vacancy reduces a nearest neighbour Cr cation and one of the Ce dopants. The reduced Cr dopant has a calculated Bader charge of 4.5 e -and a computed spin magnetisation of 3.7 µB, while the reduced Ce 3+ dopant has a Bader charge of 9.9 e -and a spin of 1 µB. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t (Table 1) .
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Discussion
Upon increasing the concentration of dopants to 3 %, the Ce, Ti and V dopants maintain their 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 27 ground state electronic structure. This mechanism is not observed for the metal dopants with varying oxidation states, where we see a non-classical mechanism as the formation of the Cr vacancy proceeds by charge compensation that oxidises the metal dopants from M +3 to M +4 .
Once 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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for Ce and V dopants, which we propose will have a +4 oxidation state when doped into
Doping with higher valence dopants is explored as an approach to inject electrons into the a metal oxide and it would be expected that a further electron donation process such as anion vacancy formation will not be favoured due to the presence of excess electrons. However, as we describe a charge neutral system that has formed by charge compensation, the correct defect process is therefore described and these higher valence dopants thus improve reducibility of bulk Cr 2 O 3 . The electron donation process therefore in metal doped Cr 2 O 3 is by an oxygen vacancy mediated process, rather by electron donation from the dopant cations.
In experimental systems, it is probable that the three metal doped cluster description in the oxidation state or a charge compensating mechanism by a Cr vacancy formation, which neutralise any holes that may be generated. Also, the classical mechanism for Zr doping will also trap holes by donation of electrons from the Zr dopant. The dopants will achieve charge neutrality and favour formation of oxygen vacancies which will then inject electrons into the bulk system that can combine and kill any other holes that may be present. The promotion of oxygen vacancy formation and increased reducibility of Cr 2 O 3 by these dopants have useful 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 29 applications in oxygenation catalysis such as methanol synthesis, or electrolyte materials in solid oxide fuel cells.
Conclusion
Density functional theory (DFT) calculations using the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional within the generalised gradient approximation (GGA), and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 30 electronic structure to investigate cation and anion vacancy formation. The compensated structures show that O vacancy formation is favoured over Cr vacancies, which is opposite to that observed for the single metal doped structures, providing further evidence that single metal doping with these dopants will provide an incorrect description of the electronic structure. These dopants thus increase the reducibility of Cr 2 O 3 which have implications in rational design of catalysts and oxygen conducting layers in energy harvesting materials.
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